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ABSTRAT. Parallel /0O has becomea necessityin the face of performancemprovementsn

other areasof computingsystems.Studieshave shownthat peakperformanceis infrequently
realized,andworkin parallel 1/0 optimizationstrivesto achieve peakperformancefor appli-

cations. In this paperwe revisit one area of performanceoptimizationin parallel 1/O, that

of serversideschedulingof service With the wide variety of systemsand workloadsseento-

day, multiple serverside schedulingalgorithmsare necessay to matc potential workloads.
We showthroughexperimentatiorthat performancegainscan be seenin practicethroughthe

useof alternativeschedulingalgorithms,but that no singlealgorithm providesthe bestperfor-

manceacrossthe board. Finally wediscusghepotentialfor automaticmatding of serverside
schedulingalgorithmsto workloadsin real-time
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1. Introduction

Performanceémprovementsin computingtechnologyhave vastly out-pacedm-
provementsin storagetechnology This trendhasled to the adoptionof parallell/O
systemsasa solution. By combininglarge numbersof storagedevicesandproviding
the systemsoftwareto utilize themin concert,parallell/O hasextendedthe rangeof
problemsthat may be solved on high performanceomputingplatforms. However, it
is obviousfrom workloadstudiesthat peakperformances rarely attainedfrom these
coordinatedstoragedevices.

In orderto addresghis, a collection of techniquesor more efficiently utilizing
theseresourcedasbeenresearchednddeveloped.Thecollectionincludestraditional
I/O enhancementsuchas prefetchingand cachingas well as novel approacheso
organizingstorageaccessanddatatransferin parallelsystems.The majority of these
approachesveretailoredfor the ervironmentin which they wereoriginally applied,
that of commercialsupercomputersin commercialparallel machinesthe network
typically hasmuchlowerlateny andmuchhigherthroughputhanthe storagesystem,
andaccountingor this disparityis the goal of muchparallell/O work.

Morerecentlynew parallelcomputingplatformshave emeged,includingPCclus-
terssuchasBeowulf computergRID 97]. Beowulfs areconstructedrom commodity
componentsindcommonlyincludefastethernenetworksandIDE disks. Thesecom-
ponentsareof roughly the sameorderof magnitudeof performance Whencoupled
with varyingworkloadsit become®venlessobviouswhatresourcesif ary, will con-
sistentlyoutperformthe othercomponentén the system.Thewidespreacdoptionof
clustersasa high performancecomputingplatformhasseenthe samel/O techniques
developedfor commercialsupercomputerappliedagain, but no work hasthusfar
examinedtheviability of theseapproachem thisnew arena.

In this work we focuson the applicationof sener-side schedulingalgorithmsin
parallelI/O workloadson clustersystems. First we cover previous work relatedto
schedulingof sener operations Secondwve describethe parallelfile systemin which
thesealgorithmswill beimplementedindtested.Third we describeghesetof schedul-
ing algorithmswe have implementedor the purposeof this study Next we describe
the setof workloadsusedin our testingto provide a variety of accesgatternsand
resourcedemands.Finally we examinethe resultsof our experiments. From these
experimentswe notethatthe applicationof schedulingon the sener side doeshave
noticeableeffects on performanceandthat a correlationbetweenresourcedemand
and optimal algorithm choicecanbe seen.We go on to describehow the resultsof
thiswork mightbeusedto implementaschedulingsystenthatcandynamicallyapply
schedulingalgorithms,in real-time basedn workloadinformation.

2. Server-side scheduling

Thenetworksin themachinesn useduringthe majority of earlyparallell/O work
were of muchhigherperformancehanthe the storagesubsystemsgrovidedin these
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Figure 1. Data sieving example

systems.For example,the iPSC/860systemat NAS [NIT 92] hada total of tenl/O
nodesutilizing SCSldiskswith a peakof 1 Mbyte/secproviding storagefor the CFS
parallelfile system.The hypercube-basedetworkprovided 2.8 Mbytes/seconnec-
tions betweenprocessors.At leastin part becauseof this environment,early tech-
niguesfor optimizing accesdendedto focus on optimizing disk performance.The
first four techniquesoveredin this section datasieving, two-phasd/O, disk-directed
I/0, andsener-directedl/O, wereall originally appliedin or designedor thesetypes
of systems.The lasttechnique stream-basetlO, wasdesignednsteadwith cluster
systemsn mind. We will discusseachof thesein turn.

2.1. Datasieving

Data sieving is a techniquefor efficiently accessingnoncontiguousregions of
datain files when noncontiguousaccessesre not provided as a file systemprimi-
tive[CHO 94]. It is presentedherebecausé is abuilding block for two-phaseaccess,
whichis discussedn the next section.

Workload studieson a numberof platformshave shavn that noncontiguousac-
cessearea commonoccurrencen parallell/O workloads[KOT 95]. The naive ap-
proachto accessingioncontiguousegionsis to utilize a separatd/O call for each
contiguougregion in thefile. Thisresultsin alarge numberof I/O operationseachof
whichis oftenfor avery smallamountof data. The addechetworkcostof performing
an I/O operationacrossthe network,asin parallell/O systemsjs often high dueto
lateng. Thusthis naive approacttypically performsvery poorly becaus®f theover
headof multiple operationsin thedatasieving techniquea numberof noncontiguous
regions areaccessedby readinga block of datacontainingall of the regionsinclud-
ing the unwanteddatabetweerthem(called“holes”). Figure1l shavs an exampleof
how datasieving mightaccess numberof noncontiguousegionsby readinga single
block. The regionsof interestarethenextractedfrom this large block by the client.
This hasthe adwantageof a singlel/O call, but additionaldatais readfrom the disk
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andpassedicrosghe network. Theimplementorgoundfor theirtestsysteman Intel
TouchstoneDelta, thatthe reductionof operationsoutweighsthe addeddatatransfer
for alarge percentagef accesses.

Thistechniquecanin fact alsobenefitsystemswith high lateny networksaswell
in thatit reduceshe numberof requestsfor which thereis often significantstartup
time. However, the percentagef datatransferredthat is desiredmustbe high for
this to pay off. A moreappropriateechniquefor reducingthe overheadof multiple
requestén networkboundsystemss theuseof moredescriptverequestsTheseallow
the l/O senerto eitherperformnoncontiguousiccessesf the capabilityis available,
or to performthis sieving on the sener side,reducingnetworktraffic. However, most
I/O systemonly supportcontiguousaccesses.

2.2. Two-phase1/O

The two-phaseaccessstratgy is describedn [BOR 93]. This stratgy attempts
to avoid the performancepenaltiesoften incurredwhen directly mappingfrom the
distributionof dataondisksto thedistributionin processomemoriesDatais firstread
fromdisk, in thearrangemerit is storedin ondisk, by asubsebf processorsThedata
is thenredistritutedto theprocessori thefinal, processememorydistribution. The
stratgy wastestedon the Intel TouchstoneDelta usingthe Concurrentrile System
(CFS).The512processobeltahasalimited numberof I/O nodeq32) andsubstantial
networkbandwidthbetweerprocessorsyhich arearrangedn a meshtopology.

In thefirst phaseof accessthe numberof processorinvolvedis chosernto match
the I/0 nodes. Eachchosenprocessotypically requestsall the neededdatafrom a
singlediskandusegatasieving to reducghenumberof requestsin theseconghase,
the processorsvho previously readdatafrom the diskscalculatethe final destination
for eachblock of dataand performthe necessaryransfers.This takesadvantageof
the additionalbandwidthbetweencomputeprocessorso more quickly completethe
I/O process.

In orderfor this techniqueto be of use,computeprocessesnustcommunicate
and organizethe transfer which meansthat collective I/O must be available. The
collective componenbf two-phaseaccessanbeimplementedabore the file system
layer (i.e. ontop of afile systenthatdoesnot supportcollective accesses)Possibly
themostpopularimplementatiorof two-phasd/O atthistimeis in the ROMIO MPI-
IO implementatiorfROM], which implementgwo-phaseccessesn top of avariety
of parallelfile systemswith only independenaccessprimitives.

Thistechniquandirectly affectsthebehaior of I/O senersby alteringtherequest
patternfrom mary smallaccesseBto singlelarge accessepersener. Thisin effect
forcesthe sener into a modewhereit is sequentiallyaccessing singlelargeregion
(assuminghesener returnsthe bytesfrom therequestn order).It alsoconstrainghe
sener to servicingrequestdor a singleclient, sinceonly oneclient makesa request.
Whendisk is the bottleneck,this techniqueis oftena win. Additionally it hasbeen
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shavn thatsomel/O systemperformbestwhenthenumberof simultaneousiccesses
is limited [KRY 93, NIT 92]. Thesesystemsn particularbenefitirom this approach.

2.3. Disk-directed I/O

Disk-directedl/O (DDIO) is a combinationof a numberof othertechniquedor
datatransferin parallell/O systemgKOT 97]. DDIO wasdevelopedafter boththe
datasieving andtwo-phasedechniquesandit relieson both noncontiguousandcol-
lective 1/O primitivesin thefile system.Additionally the /O senersmustbe ableto
mapfile locationsinto disk block positionsandmustbe capableof reasonablypredict-
ing the optimal disk accesgattern.Thedisk-directedechniqueusestheinformation
passedo it aboutthe datarequestedn the collective requestto determinea list of
physicalblocksto retrieve from the disk. It sortstheseblocksinto someoptimal ac-
cesorderingandusesdouble-tufferingto overlapdisk andnetworkl/O, sendingdata
directly to thefinal destination.

Fromthesener schedulingooint of view the disk-directedapproachs superiorto
two-phasen thatit passes greatdealmoreinformationon thetotal accesslongto
thesener. Thisallowsthesenerto determingheacces®rderingutilizing bothinfor-
mationon whatis beingaccessedndalsoinformationon wherethat datais located
on disk. Furthermorehe disk-directedapproachgivesthe sener the opportunityto
schedulexccesscrossnultiple networkconnectiongiswell, asdatais moveddirectly
from the senerto theappropriateclients.

As far ascontributionsto awell-rounded/O transfemethod,DDIO hasa number
of thingsto offer. First, it makesuseof noncontiguousequestsgenerallyresulting
in fewer, larger packets.Second,t promotesthe useof an orderingschemefor op-
timization on the sener side. While it might not alwaysmakesenseo optimizefor
disk accessand a static schemesuchasthe one usedin their examplesmight not
helpin acomple systemjt doesmakesensedo have a systemcapableof determining
the costof transferringparticularpacketsandorderingtransfersaccordingly Unfor-
tunately most parallel I/O systemsdo not meetthe requirementdor implementing
DDIO. Senerdirectedl/O relaxestheserequirements.

2.4. Server-directed I/0O

A derivative of disk-directedl/O, called senerdirectedl/O, was proposedand
implementedn the PANDA library [SEA 95]. This technigueutilizes a high-level
multidimensionaldatasetinterface,performsarray chunking,andusesdisk-directed
techniquesitthelogical, or file, level. Insteadf determiningphysicalblocklocations,
they uselogicalfile offsetsto determinetheir optimal ordering.File datais storedon
underlyinglocal file systems,and block arrangemeninformation was unavailable.
The developersfound that they were able to utilize almostthe full capacityof the



6
€ soumissiora CalculateursParalléles.

disk subsystem their testsystemfor a rangeof arraysizesandnumbersof nodes,
despitethe lack of disk block layoutinformation.

2.5. Stream-based |/O

Stream-basetO (SBIO) attemptso addressetworkbottlenecksn parallell/O
systemdLIG 96]. The SBIO techniquewvasdevelopedaspart of the Parallel Virtual
File System(PVFS)project[LIG 96], which is describedn Section3. With SBIO,
this conceptof combiningsmallaccessesito moreefficient, large onesis appliedto
datatransferover the network. Databeingmoved betweerclientsandsenersis con-
sideredto be a streamof bytesregardlessof the locationof databyteswithin afile.
Thisis similarto atechniqgueknown asmessageoalescingn interprocessocommu-
nication. Thesestreamsare packetizediy underlyingnetworkprotocols(e.g. TCP)
for movementacrosghe network. Control messageare placedonly at the beginning
andendof thedatastreamin orderto minimizetheir effectson packetizationThisis
accomplishedby calculatingthe streamdataorderingon bothclientandsener.

This is strictly a techniquefor optimizing networktraffic. When coupledwith a
sener thatfocuseonthe network(almost‘network directedl/O”), peakperformance
canbemaintainedor a varietyof workloads particularlywhennetworkperformance
lagsbehinddisk performancer whenmostdataon I/O senersis cached.

3. PVFSdesign

Oneareain which commercialmachinesstill maintaingreatadwantageis that of
parallelfile systems.A production-qualityhigh-performancearallelfile systemhas
not beenavailablefor Linux clusters,andwithout sucha file systemLinux clusters
cannotbe usedfor large I/0O-intensive parallelapplications.To fill this needwe have
developeda parallelfile systemfor Linux clusterscalledthe Parallel Virtual File Sys-
tem (PVFS).PVFSis beingusedby a numberof groups,including onesat Argonne
NationalLaboratoryandthe NASA GoddardSpacerlight Center Otherresearchers
areusingthe PVFSsystemasaresearchiool [TAK 99].

Detailson PVFScanbe foundin [CAR 00]. Therestof this sectionfocuseson
the component®f PVFSwhich are of importanceto this study namelyhow PVFS
managesiatastorage how PVFS processesequestdor data,and how this request
processingnight bemodifiedto studysenersideschedulingalgorithms.

3.1. PVFSmetadata
PVFS files are striped acrossa set of 1/0O nodesin round-robinfashion. The

specificsof a given file distribution are describedwith three metadataparameters:
startingl/O nodenumber(basg, numberof /O nodes(pcoun), andstrip size(ssizg.
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Figure 2. Examplemetadataandfile distribution

Theseparametergpgethemwith anorderingof thel/O nodedfor thefile systemallow
thefile distributionto be completelyspecified.

An exampleof someof the metadatdieldsfor afile /pvfs/foo is givenin Fig-
ure 2. The pcountfield specifiesthat the datais spreadacrossthreel/O nodesbase
specifiesthat the first (or base)l/O nodeis node2, and ssizespecifiesthat the strip
size—theunit by which thefile is dividedamongthe /O nodes—is64 Kbytes. The
applicationcansettheseparametersvhenthefile is createdopr, if notspecified PVFS
will useadefaultsetof values.

Thisfile metadataincludinglocationsof I/0O nodesjs obtainedby theapplication
from the PVFSsystemwhenafile is opened.This informationallows applicationgo
communicatairectly with I/O nodeswhenfile datais accessed.

3.2. 1/0 daemons and data storage

An orderedsetof I/O daemongiods) run on the I/O nodesin the cluster The
I/0 nodesarespecifiedby the administratomwhenthefile systemis installed. These
daemonareresponsibldor usingthelocal disksoneachl/O nodefor storingdatafor
PVFSfiles,andthey dosoby usingalocalfile systemnto storedata.For eachPVFSfile
handledby the daemona localfile is createdon an existing local file system.These
files areaccessedising standardJNIX read(), write(), andmmap() operations.
This meanghatall datatransferoccursthroughthe kernelblock andpagecachesand
is scheduledy thekernell/O subsystem.

Figure2 shavs how the examplefile /pvEs/foo is distributedin PVFSbasedn
the metadata.Note that althoughthereare six I/O nodesin this example,thefile is
stripedacrossonly threel/O nodes startingfrom node2, becauseghe metadatdile
specifiessuchadistribution. Eachl/O daemorstoresits portion of the PVFSfile in a
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Figure 3. I/O streamexample

file onthelocalfile systenonthel/O node.Thenameof thisfile is basedntheinode
numberthatthe PVFSsystemassignedo thefile (in ourexample,1092157504).

As mentionedabore, when applicationtasks(clients) opena PVFSfile they are
returnedhelocationsof thel/O daemonsThe clientsthenestablistconnectionsvith
thel/O daemonglirectly. Theseconnectionsreusedstrictly for datarequestsWhen
a client wishesto accesdile data,the client library sendsa descriptionof the file
region beingaccessedb the /O daemonsolding datain the region. The daemons
determinewhat portionsof the requestedegion they have locally and performthe
necessargatatransferausingTCP/IR

Figure 3 shavs an example of how one of theseregions, in this casea simple-
strided region, might be mappedto the dataavailable on a single /O node. The
intersectionof the two regions defineswhat we call an /O stream This streamof
datais transferredn logical file orderacrossthe network connection. By retaining
the orderingimplicit in the requestand allowing the underlying streamprotocol to
handlepacketizationno additionaloverheads incurredwith controlmessageatthe
applicationlayer.

Figure4 shows in greaterdetail what happensvhena client accessedatafrom
PVFSI/O daemons.In red (gray) we seethe datathatwasrequestedyhich corre-
spondgo theregion describedn Figure3. In thetwo shade®f blue (blackandlight
gray)we seethe portionsof this datathatarestoredonthetwo I/O nodesacrosswhich
thisfile is striped.

Whenthis regionis accessedhel/O daemongachsendbackan|/O streamcon-
tainingthe requestediatathatthey possessThesetwo streamsarethenmeigedinto
the applicationdatabuffer ontheclient.
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Figure 4. File accessxample

3.3. PVFSrequest processing

The PVFSrequestprocessingnechanismis the componenof PVFSthatimple-
mentsthe schedulingpolicy. Herewe provide a shortoverview of the PVFSrequest
processingmplementation.First we cover how PVFSrecevesrequestshow these
areprocessedandthestructurein whichthey arestoredfor service.Next we discuss
how the systemhandlesmultiple simultaneousequestsWe concentraten readop-
erationsin this discussionandwe detail the actualsystemcalls usedby theiodsto
performlocalfile systemandsocketaccesses.

3.3.1. Receivingandqueuingrequests

Sinceall PVFSI/O is currentlyperformedover TCR all PVFScommunicatioris
throughthe UNIX socketsnterface.PVFSI/O senersmaintaina setof opensockets
thatarecheckedor actity in aloop. Oneof thesesocketds an“accept’socketthat
is usedby clientsto establishconnectiondor service. The othertwo possiblestates
for anopensocketarethatit is connectedut hasno outstandingequestpr thatit is
in active usefor servicingarequest.

PVFSI/O seners are single-threade@ntitiesthat rely on the select () call to
identify connectionghat are readyfor service. One of the socketsthat the sener
gueriesis theacceptsocket.Whenthis socket(or arny otheropensocketnotinvolved
in a request)is readyfor reading,the I/O sener attemptsto receve an /O request
Requestare messagesentby applicationtasks(clients)askingthat someoperation
be performedon their behalf. The requesis parsedafterreceptionandif therequest
requiresdatatransfera job is createdto performthe necessary/O. Figure 5 showvs
thejob datastructureasit is beingcreatedo servicearequest.Thejob is associated
with a socketandfile, andattachedo thejob is a list of accessesAccessesredata
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Figure 5. Creatingaccessefroma request

transfersthat mustbe performedto servicetherequest.A job may have asmary as
tensor hundredof accesses.

Firstthe l/O senerallocateghejob structureandbreaksthe requestnto contigu-
ous accessedasedon the intersectionof the requesteddataand the dataavailable
locally onthe sener. Thisis the processdiagrammedn Figure5. Following this an
acknavledgmentis prependedo the accesdist for passingstatusnformationbackto
theclient(i.e. EOF reached).This job is thenaddedto the collectionof jobsthatthe
I/O seneris processing.

Figure 6 shavs multiple jobs in servicesimultaneously As the I/O sener pro-
cesseghesejobs, accessesssociatedvith the job are updatedand removed when
completedln this example,job 1 hasalreadyhadits acknavledgmentent,soit is no
longerpresenbntheaccesdist.

3.3.2. Servicingrequests

Typically eachtaskin a parallelapplicationwill sendarequesto eachl/O sener
whenperformingan!/O operationyesultingin ajob oneachsener. It is easytoimag-
ine thatfor a large parallelapplicationa large numberof jobs might bein serviceon
anl/O seneratonetime. This large numberof jobs,for which thereareby definition
nointer-job dependenciegrovide uswith anopportunityto optimizeby selectinghe
orderin whichjobswill beserviced.l/O seners,whennotidle, sitin aloop servicing
requests:

while (job list not empty) {
select a job to service
make progress on accesses for selected job

}

Selectionof ajob canbe performedby arny meanswe wish, including examiningthe
characteristicof the job suchassize or next accesgype and position. This gives
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Figure 6. Jobsin service

ustheflexibility to implementour schedulingalgorithms.Our schedulingalgorithms
will influencethe systemby choosingwhatjobswill beservicedandin whatorder

Onceajobis selectedhesener canperformall or partof thesequencef accesses
for the selectedob beforeselectinganotherjob to service. Generally however, the
sener shouldnot block waiting for ary singlejob to completewhenotherjobs could
be serviced.Thusthe sener normally performsonly the accessesr partsof acceses
for aselectedob thatwill notcausehesenerto block.

Thel/O senerrefersto theaccesdist of theselectedob in orderto determinevhat
operationshouldbe performedhext. In thecaseof areadoperationthel/O senerfirst
usesmmap () to mapthe dataregion into its addressspace. This is performedon a
region of 128 Kbytesin theimplementatiortested which throughtestingwasfound
to be a reasonablérade-of betweenmappingtoo large a region andperformingtoo
mary mappingoperationon this particularsystem.Oncethe region is mappednto
memory send () is usedto sendthe datafrom the desiredregion to the remotehost.
The0_NONBLOCK flagis setonthesocketusingfent1 () prior to sendingdatasothat
thesenerwill notblockonthesocket.Whenanew region of thefile is neededy this
connectiorfor 1/O, theold regionis unmappedvith munmap () beforethe new region
is mapped.

3.4. Limitations

While PVFSis the mostcompleteopen-sourcgarallelfile systemavailableand
our bestoption for experimentation|ts architecturedoesplace somelimitations on
our ability to makeschedulingdecisionsandto implementprevious schemes.

First and foremostPVFS seners operateat the userlevel. This meansthat all
schedulingactionsarein somesensdndirect; we canput datainto a socketbuffer or
performawrite() calltorequesthatdatabestoredondisk, but in theendthekernel
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makeghefinal decisionon whenoperationshappenThisis particularlytroublesome
in the caseof writes;it is very difficult to force the Linux kernelto write datato disk.

Similarly, sinceiods storedatain files, it is morenaturalto makespatiallocality
decisionsbasedon file offsets. It is possiblethat blocksin the file are not placed
sequentiallybut previouswork hasshawn this techniqueo be effective [SEA 95]. In
our experimentswve performall operation®nasinglefile in orderto makethe mostof
file offsetinformation. The useof mmap () for readingdataandwrite () for writing
datapreventssenersfrom truly knowing whenthey will block. They insteadrely on
the kernelbuffering of datato help provide overlapbetweerdisk andnetworkl/O.

At the time thesetestswere performed,PVFS did not supportgeneralizechon-
contiguousrequests.Thuswe wereunableto utilize noncontiguousequestdgor our
randomaccessvorkload. Insteadmultiple contiguousrequestsvere used,andthis
limits the ability of the sener to organizethe datamovement. Finally, the stream-
baseddatatransfermethodimplementedn PVFSconstrainghe orderin which data
may bereturnedto theclient. This placesanadditionalconstrainton thesener.

Thesecharacteristicglo inhibit our ability to extractthe highestperformancdrom
theunderlyingcomponentsHowever, ourgoalhereis notto show thehighestpossible
performancéut insteadto shav thatmatchingschedulingalgorithmto workloadcan
provide a performancewin. Thislist of limitationsthensenesasa startingpoint for
furtherimprovementof the PVFSsystem.

4. Scheduling algorithms

For our experimentswe have implmentedfour schedulingalgorithmsthat work
with PVFS.We will designatehesealgorithmsOpt 1 - 4. Thefirst algorithmis the
defaultalgorithm for PVFS and is optimizedfor network access. The other three
areincreasinglydisk-orientedfocusingon reducingdisk accesgime. As previously
mentioned PVFScannotsenddataout of orderfor a givenjob, but it cancontrolthe
orderthatmultiple jobsareserviced andthesedifferentalgorithmsreflectthis.

Opt 1 is the PVFSdefaultstream-basedlgorithm. Using this algorithm,the I/O
sener first checksto seewhich network connectionsare readyfor serviceusinga
select () callandthenservicesachreadysocketin FCFSorderuntil the connection
is nolongerreadyfor service Whenall readysocketdhave beenservicedhis process
is repeated Dueto limited buffering in the networksubsystemthis algorithmtends
to do a pretty good job of load balancingserviceto the variousjobs. It doesnot
considerdisk accesorderat all, and may resultin significantdisk headmovement
whenservicingmultiple requestsOpt 1 hastheadvantageof beingtheonly algorithm
thatdoesnot needto sortthe jobs, makingits processingphasethe fastestof the four
algorithms.

Opt 2 is a modificationof Opt 1. As in Opt 1, first the sener selectsall sockets
readyfor service thenit sortsthe socketdasedn the offsetof the next accessrom
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Round | Jg J1 Jo Js  Ja | Schedule(irorder)
o 100 400 300 J1, Ja, Jy
r 900 500 200 Jo, Ja, J3
2 1000 300 400 Jo, J1, J4

Table 1. Exampleof Opt 1 scheduling

Round | Jg J1 Jo Js  Ja | Schedule(irorder)
o 100 400 300 J1, 4, Ja
r 900 500 200 Ja, J3, Jo
o 1000 300 400 Jo, J1, Ja

Table 2. Exampleof Opt 2 scheduling,startingwith O;,,:=100

the startof thefile. Sortingstartsatthelastoffsetaccessetbr thefile (O;,5t), contin-
uesto thelargestoffsetfor areadyjob, andthencontinueswith thejobswhoseoffsets
aresmallerthanthelastoffset. In ourexperimentsall request@reaccessinghe same
file, andif the operatingsystemdoesa reasonablgob of clusteringfile dataon the
disk, accesso disk shouldbein amoreefficientorderthanin Opt 1.

Opt 3 further modifiesOpt 2 by remaving somejobsthat arereadyfor network
servicebecauseheirfile offsetdifferstoomuchfrom theotherjobs. Underthisoption,
alogicalwindow is definedthatspandile offsetsin arangearoundastoffsetaccessed.
The centerof the window is definedto be the last offset accessedso for a given
window sizeW,, andlastoffsetO,,,;, valuesin therangeof O,,; + WT areinside
thewindow. Thevalueof W, is selectableat compiletime. With this optimization
all requestghatare“close” togetherareserviced while requestshatwould accessa
distantpartof thefile arenot. In the eventthatno requestdall into this window, the

closestrequests servicednstead.

Opt 3 is basedon a window scanschedulingalgorithm (WSCAN) andtendsto
allow the systemto moreeffectively usespatiallocality andcaching,especiallywhen
the operatingsystemis prefetchingbasedon file offset. On the otherhandthis al-
gorithm might not load balanceas well as Opt 1 or Opt 2 becausesomejobs that
arereadyfor servicemight not get servicedfor sometime. In addition,one hasto
considerthe potentialfor stanationwhenajob is specificallyexcludedfrom service.
Stanationis possiblewith this algorithm;however, this algorithmwill never wait on
ajob thatis notreadyaslong asareadyjob is available.

Opt 4 is the only algorithmthat doesnot considerwhethera job is readyfor net-
work service.Thisalgorithmsortsall of thejobsbasedntheoffsetof thenext access,
startingfrom the offset of the lastaccessand servicesthe jobsin thatorder waiting
for a network connectionto becomereadywhen neccessaryThis is animplemen-
tation of the shortestseektime first (SSTF)algorithm[DEN 67]. This algorithmis
extremelylikely to stane somejobs,andwewill seetheresultsof thiswhenwe later
discusdairness.The purposeof including Opt 4 in our studyis to ascertairthe max-
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Round | Jg J1 Jo Js  Ja | Schedule(irorder)
o 100 400 300 J1, 4, Ja

r 900 500 200 J3, Ja

2 900 300 400 Ji, Ja

r3 900 Jo

T4 1000 Jo

Table 3. Exampleof Opt 3 schedulingwith 1/, =600, startingwith O;, ;=100

Round| Jy Ji Jo J3 Jy | Schedule(irorder)
o 100 400 300 J1

T 900 400 200 300 Js

9 900 300 400 300 J1, Ja

r3 900 400 400 Ja, Ja

T4 900 500 Jo

s 900 Jo

6 1000 Jo

Table 4. Exampleof Opt4 scheduling,startingwith O;,,;,=100

imum possiblebenefitwe canobtainfrom disk-orientedschedulingwithin the PVFS
system.

Considethefollowing example.Assumehereare5 jobs,eachaccessinghesame
file. Assumethatthe lastaccessvasatfile position100. In eachrow, if a numberis
presentthenthe socketfor thatjob is readyfor service,andthe numberindicates
thefile offsetbeingaccessedThe scheduleshavs the jobs thatwill be serviced,in
order Notethattheroundsshavn arenotintendedo represenafixedamountof time,
thusthe numberof rows doesnotimply thattheresultingscheduleeccessarilyakes
longerto complete.Rather this shavs the differentschedulingoundscorresponding
to passeshroughthejobs.

UnderOpt 1, thereadyjobsarescheduled=CFSin eachround(Table1). Under
Opt 2, the readyjobs are scheduledn offset orderin eachround (Table 2). The
schedulgor Opt 3 (Table3) bearssomeexplanation.In thefirst roundall threeready
jobs fall within the window, so all they arescheduledn offsetorder In the second
round,Jobs2 and3 arewithin thewindow , but JobO is not. Thesejobs areserviced
in file offsetorder In the third round Jobs1 and 4 are within the window andare
scheduledfor service. In the fourth round no jobs are within the window, so the
closest(andonly) job, Job0, is serviced. In the fifth round Job 0 is still within the
window andserviceis completed Finally, underOpt 4 (Table4), thejob with the next
offsetlargerthanthe previous is scheduledevenif thatjob isn’t readyyet. Thusall
blocksareprocessedh orderunlessa job arrivesafter processinghasalreadypassed
its first offset.
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a) Contiguous b) Strided ¢) Random

Figure 7. Testworkloads

5. Workloads

In Section3 we coveredPVFS, the parallelfile systemusedin our experiments.
In this sectionwe will discussthe workloadswe examinedin orderto ascertairthe
effectivenesof our schedulingalgorithmsat servicingthreedifferenttestpatterns:

—singleblock accesses
— stridedaccesses
—randomblock accesses

Threetestapplicationswere usedin this workload study Theseworkloadsrep-
resenta numberof accesgatternsseenin sometraditionalapplicationsparticularly
onesoperatingon densemultidimensionamatrices.We includeboth singlecontigu-
ousblockaccessstridedaccessandmultiple randomblock accessvorkloadsin order
to cover a wide rangeof possibleworkloads. Figure 7 shavs the generalpatternof
accesdor theseworkloadsshavn asrow-majortwo-dimensionastructures.

In all casesa MPI applicationwas usedto createa setof applicationtasksthat
independentlyaccessa PVFSfile systemusingthe native PVFSlibraries. In all tests
asinglePVFSfile wasusedto storedata.

In thesingleblock accesgests contiguousegionsof the datafile weresimultane-
ouslyaccessebly eachtask. Thetaskssynchronizebeforetheaccessandthetimesto
completeaccessvererecorded We considerthelongestservicetime of ary onetask
to betheapplicationservicetime, asthisis the time the applicationasa wholewould
have to wait if operationswvere collective. We also calculatethe meanservicetime
for all tasksandthe varianceof taskservicetime. Patternssuchastheseareseenin
applicationsaccessinglensematricesin a block mannerin checkpointapplications,
andin someout of coreapplications.

In the stridedaccesgests, multiple noncontiguougegions of the datafile were
simultaneoushaccesselly eachtaskusingasingle,simple-stridedpperation. Again
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thetaskssynchronizebeforetheaccessandthetimesto completethe operationwere
recorded.As beforewe considerthe longesttask servicetime to be the application
servicetime, andwe also calculatemeanservicetime andthe variance. Stridedac-
cesseare often seenasa resultof row cyclic distribution of datasetsandaccesgo
portionsof recordsof afixedsize.

The purposeof the randomblock accesdestsis to obsere the systemservingan
applicationwith anirregularaccesattern.Thefile is logically dividedinto anumber
of blocks,andtheseblocksarerandomlyassignedo thetasksin the applicationsuch
thateachtaskwill accessanequalnumberof blocks. Tasksaresynchronizedefore
ary accessebgyins,andtasksaccessll blocksin randomorderusinga native PVFS
operationto accessachblock, oneblock at atime. Thetime to accessll blocksis
recordedfor eachtask, the largestof thesetotal timesis consideredhe application
servicetime, and meanservicetime and varianceare also calculated. This pattern
might be createdby anapplicationaccessingiecesof a multidimensionallatasetor
readingarbitraryrecordsfrom alarge database.

In all casespur goalis to analyzethe effectsof thefour schedulingalgorithmson
the performanceof the system,usingthreemetrics: applicationservicetime, mean
taskservicetime, andtaskservicetime variance.All of thesemetricsareimportant
in onesituationor another For a systemservingsingleparallelapplicationsapplica-
tion servicetime mightbethe mostappropriatenetric. For asystemrunningmultiple
parallel applicationsor mary serial ones,meantask servicetime might be a more
appropriatemetric. Taskservicetime varianceis the varianceobsened betweerthe
servicetimesof tasksconcurrentlyaccessinghe system.This valueis anindicatorof
fairness;alow valueindicatesthat serviceis distributedfairly betweerjobs, while a
high varianceoftenindicatesthat stanationis occurring. Thisis of particularimpor-
tancein real-timeapplications.

6. Experimental results

The Beawvulf machineon which this work wasperformedis a 17-nodeclusterat
ClemsonUniversity. The clusterwasconfiguredasfollows. Eachnodehasa single
Pentium150 MHz CPU, 64 Mbytes EDO DRAM, 64 Mbytes local swapspace,a
2.1 GByte IDE disk, and Tulip-based100 Mbit FastEthernetcard. The nodesare
connectedy anlintel FastEthernetswitchin full-duplex mode.

Onenoderuns the PVFS managerdaemonand handlesinteractive connections
while the other nodesare usedas computenodes,|/O nodes,or both. Eachnode
runsLinux v2.2.13with tulip driver v0.89H. The IDE disks provide approximately
4.5 Mbytes/seavith sustainedvritesand4.2 Mbytes/seavith sustainedeadsasre-
portedby Bonnie,apopularUNIX file systenperformancédenchmarkBRA ]. When
idle, approximately8 Mbytesof memoryareusedon eachnodeby thekernelandvar-
ious systemprocessesincluding PVFS, leaving approximately56 Mbytes of space
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thatcouldbeusedby thesystenfor 1/O buffers. Thewindow sizefor testswith Opt3
wassetto 56 Mbytes. Our testapplicationsverecompiledwith MPICH v1.2.0.

For theseteststwo nodeswere usedas I/O nodes,and 14 nodeswere usedfor
computation.Thiscombinatiorallowedusto separat¢éhel/O nodesfrom thecompute
ones,to provide a numberof simultaneougobsthatthe I/O nodescanscheduleand
to ensurethatno single-diskoptimizationsareusedon the I/O nodegmappingPVFS
file locationsto localfile onesis simplerin the single-diskcase).

Varying schedulingalgorithmsfor write workloadsshowved only limited benefit,
sothis datais not presentedhere. Interestedeadersaredirectedto [ROS 0Q] for this
data. For readtests,beforeeachrun a local datafile largerthanthe size of a nodes
memorywasreadin its entiretyon eachl/O nodeto remove all PVFSfile datafrom
cache.A separateun of readtestswasadditionally performedin which we allowed
file datato remainin cache(i.e. did not reada local datafile betweenruns). These
resultsarecomparedo smallaccessewithoutcachan thefollowing sectionsaswell.

We first discusgthe applicationandtaskservicetime metricfor eachof the tests,
presentingoutputfor all four of the algorithmsdescribedearlierin this work. The
total dataaccessedn a singlel/O nodeis shavn on the X axis, andservicetime is
providedontheY axis. Thedatapresenteds the averageof threetestruns. Following
this discussiorwe cover the issueof fairnesswith respecto our algorithmsandthe
testedworkloads.

6.1. Singleblock accesses

Theresultsfor singleblock accesseareshovn in Figure8. Whendatais uncached
we seethat Opt 4 provides by far the lowestaveragetask servicetime, beatingthe
worstperformersy asmuchas28%. RecallthatOpt4 is our algorithmmostsimilar
to disk-directed/O; only the requestlosestto the lastaccessedile positionwill be
serviced.lt is apparenthatwe aremoreeffectively utilizing disk resourcesvith Opt
4 in this case Application servicetimesareconsistenacrossall algorithms.

Whenfile datais cachedwve seethatOpt 4 still resultsin the besttaskservicetime
(beatingtheworstperformerby 308$); however, thiscomesatthecostof asubstantially
higherapplicationservicetime thanthe otheralgorithms.In this caseOpt 3 seemgo
be a moreappropriateoverall choicein this case.Recallthat Opt 3 relaxesthe strict
orderingof requestsallowing for jobs within a window to be servicedand always
allowing the nearesteadyjob to be serviced. Whencacheddatais available, Opt 3
providesa betterapplicationservicetime while alsoresultingin a competitve mean
taskservicetime.

When examining the small, cachedservicetime graphsone can seea uniform
changein performanceat approximatelythe 56 Mbyte point. This is the point at
which we begin to exceedour cachesizeandstarthitting disk. This trendwill beseen
throughoutall thetestresults.
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6.2. Strided accesses

Resultsareshawn for stridedaccesses Figure9. For our stridedaccesgattern
we arbitrarily choseto accessl6 disjoint regionswith eachtaskaccess.The size of
thedisjointregionswasvariedthroughouthetests.

When servicinguncachedstrided readrequestswve seethat Opt 1 providesthe
lowestmeantask servicetime by as muchas 14%, mostlikely dueto the fact that
file datais interleaved betweenthe applicationtasks,resultingin Opt 1 performing
similarly to Opt 4, but without its orderingrestrictions. When datadoesresidein
cachewe seelessbenefitfrom using Opt 1 over otheralgorithms,althoughit does
appearto still be the bestchoice. All algorithmsresultin approximatelythe same
applicationreadservicetimesover thewide rangeof accessizes.

Thefile byte orderinglimitation imposedby PVFSis particularly inhibiting for
disk-orientedalgorithmsservicingthis type of workload. Sincein practiceall jobs
arenot startedsimultaneouslyit is likely thatthe first job to arrive will be partially
servicedbeforeothersare started. Thesenew jobs might have datalocatednearthe
dataaccesseébr thefirst job, but thoseportionsof the new jobs maynot be serviced
until their pointin thebyte orderingis reached.

6.3. Random block accesses

We choseto studyrandomblock accessn additionto testsfocusingon known
patterns.An interestingcharacteristiof thesetestsis thatonly afraction of thetotal
datato beaccessed beingrequestedby jobsin serviceat ary onetime becausenul-
tiple operationsarerequiredto accesgshe randomlydistributedblocks (using native
PVFScalls). Thisis in contrastto the previoustests,whereall datato be accesses
requestedh singlecalls. Theresultof thisis thatthetotal sizeof requeststary point
in time is no morethan S;,: / Nuiks, WheresS;,; is the total amountof datathatwill
beaccessednd Ny is the numberof blocksinto which the datais split (pertask).
Testswererun for Ny valuesof 16 and32. Resultsfor bothweresimilar, soonly
theresultsfrom 32 blockspertaskarepresentedhere. Interestedeadersaredirected
to [ROS00] for this data.

Figure 10 presentghe resultsfor 32 blockspertask. This is thefirst setof tests
for which we seea significantdifferencein uncachedapplicationservicetimes be-
tweenalgorithms. This is a clearindicatorthat we arereducingthe amountof work
performedby theunderlyingl/O systemusingthe disk-orientedalgorithmsOpt 3 and
Opt 4. Thesetwo algorithmsalsooutperformthe othersin taskservicetime for large
accesses.When cachingis in effect we againnote that Opt 1 becomesextremely
competitive, outperformingOpt4 by asmuchas10%.
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6.4. Fairness

For someapplicationsit is highly desirablefor servicetimesto be predictable.
For theseapplicationsfairnessis of extremeimportance,as stanation will leadto
unpredictableservicetimes. In Figure 11 we shaw the taskservicetime variancefor
our tests.We show theresultsfor small,cacheddataandlarge accessseanly; small
uncachedesultsfollowedthetrendsof thelarge accesses.

Whenlooking atthesmall, cachedyraphswe obsere auniform trendof spikesin
thevariancegraphsaswe enterthe 56-64Mbyte range.This is to be expectedasit is
atthis pointthataccessefirst begin to resultin cachemisses.

Additionally we seethatin generalOpt 1 andOpt 2 provide better(lower)variance
thanOpt 3 andOpt4. We expectedhis,asOpt1 andOpt2 bothserviceall readyjobs
on eachpasswhile Opt 3 andOpt 4 allow certainjobsto stane. Opt 2 alsotendsto
provide morepredictablgperformancehanOpt 1; thisis undoubtedlydueto its more
fair methodof cycling throughfile locations.

Thenotableexceptionto thisis large, stridedaccessIn this caseOpt 3 andOpt 4
provide themostpredictablgperformanceThisis dueto theirmorestrictenforcement
of ordering;by orderingaccesseby their file locationsthey enforcefair servicewhen
job datahappengo be organizedn a stridedmanner

As notedpreviously, Opt3 andOpt 4 bothintroducethe possibility of stanation.
Particularlyin the caseof Opt 4 workaroundgo avoid this situationwould needto be
addedif the algorithmwereto be usedin a productionsystem.The Opt 3 algorithm
alreadyimplementsa degreeof stanation-avoidance,and basedon this we believe
that the additionof suchworkaroundswvould have a minimal impactof performance
in commonworkloads.

7. Conclusions and future work

As a whole we seethat we are able to affect applicationservicetime in only a
smallnumberof casesandin generaburschedulingchangesadlittle effect onwrite
workloads.Thisis not completelysurprisingconsideringhelimitations discussedn
Section3.4.

However, we consistentlyseebenefitso applyingcertainalgorithmsin readcases
with respecto taskservicetime. In particular for situationswhereuncacheaontigu-
ousregionsarebeingserviced,Opt 3 and Opt 4 shav the bestperformance On the
otherhand,for caseswvheresignificantfractionsof dataarecachedwve seethatOpt 1
performsthebest.Thisis likely to bein partdueto thealgorithmitself andin partdue
to thetime it savesby notsortingjobsin service.

For our stridedreadworkload we seethat Opt 1 performsbestaswell. Thisis
partially dueto theimplicit interleaving in the requestsHowever, it is likely thatour
predefinedorderingof requestdatais alsoa factor By this we meanthatthe order
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in which requestdatais returnedto the requestingaskby PVFSis alwaysin order
of monotonicallyincreasingfile byte offset. This constrainghe orderin which we
canservicethe pieceghatmakeup stridedrequestswhichin turnlimits theability of
moredisk-orientedalgorithmsto bestaccesghedisk.

If oneis mostconcernedwith “fair” service,Opt 2 would be the bestchoice. It
providedthelowestvariancefor almostall the testedcaseswith little lossin applica-
tion or taskservicetime. The only exceptionto this wasthe stridedcasewith large
accessesnh which Opt 3 would bethe bestchoice.

Overallwe seethatno singlealgorithmperformsbestover therangeof workloads,
but insteadthat algorithmstendto be appropriatedo a workloadsfitting certainchar
acteristics.Thisindicateghatratherthanrelyingon asinglealgorithm,senersshould
insteadhave a collectionof algorithmsat their disposal. Thesealgorithmscould be
selectedby administratorshasedon expectedusage but a more effective approach
would beto automaticallyselectalgorithmsin responséo workloadcharacteristicat
run-time.

Adaptive selectionof policiesfor cachingand prefetchinghave alreadybeende-
veloped[MAD 96, MAD 97]. Our intentionis to build a complementargystemfor
selectingschedulingalgorithms.A behaioral modelincorporatingworkloadcharac-
teristicssuchasthe extent andsize of requestsn serviceandsystemeffectssuchas
availablecachewould becoupledwith heuristicSor algorithmselection.Oneconcern
with sucha solutionis that the overheadof performingthe calculationsat run-time
might outweighthe potentialgains,but previous work in kernel-level schedulingon
similar machinesndicatesthat performingadditionalcalculationsat run-timeshould
befeasible[GEI 97].

We have recentlyimplementechoncontiguousequestgor PVFS. This capability
extendstheapplicationsability to describeheoveralldesired/O patterrnto thesener,
which shouldenableusto betterscheduleservice. Additional studiesarenecessaryo
validatethis claim.
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